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Zoology

Gaseous and Thermal Conditions Within Cavity Nests of the Northern
Flicker, Colaptes auratus: Field Measurements and Mechanisms of
Gas Exchange 0 8 pp. 5
Director;

Delbert L. Kilgore, Jr/

Respiratory gas concentrations and air temperatures within eight
cavity nests of the northern flicker (Colaptes auratus) were
measured during 3 breeding seasons. An attempt was made to
correlate 0^ and COg levels In nest cavities with selected
factors. Including number of flickers In the nest, air
temperatures outside the nest cavity, wind direction and speed at
the cavity entrance and cavity dimensions. In a laboratory study,
the Importance of convective vs. diffusive exchanges of gases
between cavity occupants and the free atmosphere was assessed.
Mean COg and 0^ concentrations within cavities were 0.37 and
20.42 volume %, respectively. These are not different from
atmospheric levels of these gases (P>0.05). The extreme gas
concentrations recorded (2.56% COg, 18.04% 0^) are different from
atmospheric values (P<0.05).
COg levels within nest cavities
cycled dally with the maximum occurring at approximately 2300 h;
diel variations In Og were less evident. Gas concentrations also
did not vary significantly during the nestling period or with most
of the biotic and abiotic parameters measured. Only volume of the
nest cavity varied significantly with gas concentrations. The gas
levels within flicker nest cavities are more moderate than those
in other types of shelters occupied by birds. The most likely
factor responsible for the moderation of gaseous conditions is the
thermal difference between the nest interior and outside air.
Air temperatures within nest cavities averaged 20.4C and
exceeded outside air temperatures. The mean difference between
Inside and outside temperatures was 7.1C. The relatively high
temperatures within nest cavities may reduce energy requirements
of the developing young.
Laboratory studies of gas flux into and out of flicker nest
cavities with open entrances reveal that gas transfers between the
cavity and free atmosphere Increase significantly when the cavity
Interior is at least 50 above outside air temperature. Thermallyinduced convective air exchange is the predominant mechanism of
gas transfer between flickers within cavity nests and the free
atmosphere.
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GASEOUS AND THERMAL CONDITIONS WITHIN CAVITY NESTS
OF THE NORTHERN FLICKER, COLAPTES AURATUS:
FIELD MEASUREMENTS AND MECHANISMS OF GAS EXCHANGE

INTRODUCTION
A large number of mammals and birds Isolate themselves from their
environment by burrowing into a substrate.

The advantages usually

attributed to this fossorial habit are predator avoidance and the
maintenance of a stable micro-environment (McNab 1966j
White, Bartholemew, and Kinney 1978; Furilla 1980;
and Boggs 1984).

Coulombe 1971;

Birchard, Kilgore,

The less variable thermal environments within

burrows decrease metabolic energy expenditures of adults and of
developing young (White and Kinney 1974; Hoogland and Sherman 1976;
Marsh 1979).

There are also disadvantages to occupying underground

shelters; most notably, the atmospheres within burrows frequently have
higher concentrations of carbon dioxide and water vapor, and lower
concentrations of oxygen than the free atmosphere (for example seee
Kennerly 1964; Darden 1972; Arieli 1979; Wickler and Marsh 1981;
Birchard et al. 1984).

The lowered oxygen and elevated carbon dioxide

levels within these shelters are a product of the metabolism of the
occupants and insufficient exchange of these gases between the shelter
and the free atmosphere.
Burrow gas conditions in some instances can become quite extreme.
Oxygen concentrations of 4% to 6% and carbon dioxide concentrations up
to 8% have been reported in some burrows (Birchard et al. 1984; Tenney
and Boggs 1985).

These low 0^ and high CO

2

gas environments have
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2
potentially serious physiological consequences (Bullard 1972; Luft
1972).

It is therefore not suprising that occupants of burrows

exhibit a number of physiological adaptations to burrow gas
conditions.

These adaptations have recently been summarized by Boggs,

Kilgore, and Birchard (1984) and Tenney and Boggs (1985) and include,
for example, a reduced ventilatory responsiveness to COg, an elevated
hemoglobin oxygen affinity, and changes in blood buffering capacity.
There are a number of possible mechanisms whereby gases may be
exchanged between burrows and the free atmosphere.

These include

diffusion, bulk flow resulting from changes in barometric pressure and
temperature, piston effects of the occupants moving in and out of the
burrow, and induced flow of air through the burrow by movement of air
across the entrance (Vogel, Ellington, and Kilgore 1973; White et al.
1978; Arieli 1979; Furilla 1980; Maclean 1981).

Arieli (1979) and

Furilla (1980) examined most of these factors and determined that all
but diffusion and thermally-induced convection have a minimal
influence on the respiratory gas concentrations within burrows.
Because diffusion of gases into and out of natural burrows is
difficult to measure, especially though soil of variable porosity and
moisture content, there are no empirical data that would aid in
understanding the observed differences between burrow micro
environments and the free atmosphere.

However, there are some

approximations of these diffusive exchanges through soil (Penman 1940)
that have been used to construct theoretical models of diffusion of
respiratory gases in burrow-soil-air systems (McNab 1966; Wilson and
Kilgore 1978; Withers 1978).

From these models it appears that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

diffusion through the soil, in most cases* is the primary means of
exchange of gases into and out of burrows (Wilson and Kilgore 1978;
Withers 1978).

Diffusion through the soil* in turn, depends on the

permeability of the soil to gases.

This varies with soil moisture and

particle size (Wilson and Kilgore 1978; MaClean 1981).

Darden (1972)

and Arieli (1979) reported further decreases in oxygen and increases
in carbon dioxide in natural burrows following the addition of water
to the soil both by rain and through experimental manipulation.
Animals inhabiting burrows within these moist, compacted soils (i.e.*
those that provide poor diffusional exchange), or very deep burrows
may therefore encounter gas conditions considerably different from
those in the free atmosphere.
The mathematical diffusion models mentioned above describe
steady-state gas conditions that may exist after an organism enters a
burrow and remains there for an extended period (Wilson and Kilgore
1978; Withers 1978).

Maclean (1981) empirically showed that burrow

environments can reach ninety percent of the steady-state condition
within just a few hours.

Therefore, an animal that remains within a

burrow for only a short period of time would be expected to encounter
the same conditions as one that spends its entire life underground.
Birds and mammals also nest and breed within cavities in rocks*
trees, or other media with low porosités to gases (Banks 1968; Smith
and Banks 1971)* where they are likewise isolated from the free
atmosphere.

If the exchanges of gases between these cavities and the

free atmosphere were due solely to diffusion, one would expect gaseous
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concentrations within these shelters to be similar to those found
within soil burrows (White et al. 1978).

However, the nest cavities

of birds, especially those built within trees, appear to follow a
similar design which may be Important in eliciting movements of air
providing for exchange of gases between the nest and the free
atmosphere (Vogel et al. 1973; White et al. 1978).

These gourd-shaped

cavity nests with a single opening near the top (for example see van
Balen et al. 1982) also tend to be found within decaying or decayed
wood. Decayed wood, while allowing for ease of cavity construction,
may also provide little hindrance to the diffusion of gases and
channels for the flow of gases into and out of the cavity.

These

design and siting features of nest cavities may provide for the rapid
exchange of respiratory gases between the cavity and the atmosphere by
convection or bulk flow alone.
To date, studies of cavity-nest environments have been primarily
concerned with temperature and humidity (Moore 1945; Kendeigh 1961;
Royama 1966; White et al. 1984; Peterson and Grubb 1983).

Therefore,

the purpose of this study was to examine gas concentrations and
temperatures within the nests of a locally abundant cavity-nesting
species, the Northern Flicker, Colaptes auratus.

Specifically, Og and

COg concentrations encountered by the occupants of these cavities were
measured.

Initially, diel variations in cavity gas concentrations and

temperature were measured; subsequent measurements were made at times
when gas concentrations were at maximal and minimal levels.

The

number and age of flickers within the cavity, nest dimensions and
environmental conditions surrounding the nest cavity were also
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recorded.

The possible effects of these parameters on cavity nest

environments were examined.
In a second part of this study, I explored the exchange
mechanisms that determine the gas concentrations within cavity nests.
In particular, I used a laboratory study to assess the role of
diffusion and thermally-induced convection in providing adequate
transfers of gases between the cavity nests and the free atmosphere.
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CHAPTER I
FIELD MEASUREMENTS OF RESPIRATORY GAS CONCENTRATIONS AND
TEMPERATURES WITHIN THE CAVITY NESTS OF NORTHERN FLICKERS
(COLAPTES AURATUS)

INTRODUCTION

Many birds construct and occupy shelters that isolate them from
the free atmosphere (Collias 1964; Hoogland and Sherman 1976; Alerstam
and Hogstedt 1981; Collias and Collias 1984).

Such shelters provide

their occupants protection from predation and a more moderate thermal
environment that is energetically advantageous to adults and developing
young (White and Kinney 1974;
1981).

Korhonen 1980; Alerstam and Hogstedt

However, the atmospheres within many of these shelters

frequently have higher concentrations of carbon dioxide and water vapor
and lower concentrations of oxygen than the outside air (Withers 1977;
White, Bartholomew, and Kinney 1978; Furilla 1980; Korhonen 1980;
Wickler and Marsh 1981; Pettit et al. 1982; Birchard, Kilgore, and
Boggs 1984; White et al. 1984).

The gaseous conditions within these

shelters result from the metabolism of the occupants and inadequate gas
transfers between the interior and the free atmosphere and have
potentially serious physiological consequences (Boggs, Kilgore, and
Birchard 1984; Tenney and Boggs, 1985).

Therefore, it is not

surprising that occupants of these shelters show a number of
physiological adaptations to extreme gas concentrations including
changes in ventilation, hematology (e.g., in the Og binding properties
of the blood), cardiovascular output, and metabolism (Boggs et al.
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1984).
The maximal COg and minimal 0^ levels in shelters occupied by
birds are quite variable.

In some burrows, CO^ levels may exceed 6%,

while Og concentrations may be as low as 13% (see Birchard et al. 1984
for a review).
moderate.

Levels of these gases reported in other nests are more

Withers (1977) and Furilla (1980), for example, reported

mean (+SD) COg concentrations of only 0.32 + 0.01% and 0.4 + 0.3%,
respectively, in mud nests of cliff swallows during the nestling
period, and Korhonen (1980) noted that COg did not accumulate in the
snow burrows of willow grouse.

Extreme values of COg and O

2

within

these shelters are dependent upon the type of gas transfer (diffusive
vs bulk flow) and the porosity of the medium in which the shelter is
constructed.

Carbon dioxide generally accumulates in and Og is

depleted from the air within shelters surrounded by non-porous media
(e.g., soil) and from those where diffusion is the primary means of gas
transfer between the shelter and the free atmosphere.

Bulk flow of

gases resulting, for example, from thermal and pressure gradients or
movements of occupants moderates gaseous conditions within shelters
(Birchard et al. 1984).
Given the low rates of diffusion of respiratory gases through wood
(Banks 1968; Smith and Banks 1971) and assuming gas exchange is due
solely to diffusion, birds nesting in cavities in trees also might be
expected to encounter high levels of COg and low levels of Og.

Most

studies of cavity-nest environments to date have been concerned with
temperature and humidity (Moore 1945; Kendeigh 1961; Royama 1966),
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8
however White et al. (1984) reported 0^ conceatratlons 5% below ambient
air levels within the cavity nests of hornbllls (Trockus sp.).
(1983) measured CO

2

Hay

concentrations of 5.8% within a cavity nest

occupied by pygmy nuthatches (Sltta pygmaea). These studies Indicate
that respiratory gas concentrations within cavity nests can attain
extreme levels.

Therefore the purpose of the present study was to

describe In detail the gaseous and thermal conditions within occupied
cavity nests of a locally common bird, the northern flicker (Colaptes
auratus).
The specific questions that I addressed la this study were: 1)
What are the concentrations of respiratory gases and temperatures
within the cavity nests of northern flickers? 2) Do these gas
concentrations and temperatures vary with time of day and, If so, how?
3) Do gas concentrations and temperatures within the cavity nests of
northern flickers vary during the nestling period? 4) Are the measured
gas concentrations within nest cavities correlated with selected
environmental factors, cavity-nest dimensions, or features of the
siting of the nest cavity?

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

METHODS AND MATERIALS
STUDY SITES
I studied a total of eight occupied flicker nests and one
unoccupied cavity at two study sites in Missoula County, Montana
(Appendix I), between April and June during the 1981, 1982, and 1983
breeding seasons.

Nests were located early in the breeding season by

watching for adult flickers entering or leaving a cavity or, as the
season progressed, from noises produced by the young.
NEST CAVITY PREPARATION
Gas sampling tubes (small bore polyethylene tubing) and thermistor
probes (Yellow Springs Instruments, model 401) were Inserted into each
nest cavity through small holes drilled 5-10cm above the base of the
nest cavity and secured to the side of the tree.

The opening around

each tube and probe was sealed with silicon caulk to prevent both
accidental removal and the movement of air into and out of the nest
cavity.

The tubing and probe were inserted approximately 2-3 mm into

the cavity interior.

I used a small dental mirror with an electric

lamp attached, during in placement of the temperature probe and gas
sampling tube.

The indwelling tubes and probes allowed gas samples to

be collected and cavity temperatures to be monitored at any time, with
minimal disturbance to the occupants.

Examination of each nest after

the breeding season confirmed the position of the sample tube and probe
within the nest cavity.
SAMPLING PROTOCOL
To prevent increased predation due to my repeated visits to the
nest-cavity sites, I approached the nest tree along the same path from
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a well-worn route passing the nest site.

This protocol may lower the

probability of a predator finding the scent trail and following it to
the nest (McClelland, pers. comm.).
Measurements of gases and temperatures within three occupied
cavities and the unoccupied nest were made hourly during at least one
24 hour period; two of the four were sampled during two different 24
hour periods and one was sampled during three different 24 hour
periods.

At other times, gas and temperature measurements were made

twice daily, once at 0600 and again at 2300 h (MDT).

In the other four

cavity nests, gas and temperature measurements were made only at 0600
and 2300 h.

Preliminary data indicated that 0600 and 2300 h were the

two times each day when gas levels within the cavity nests were most
and least similar to outside air, respectively.

The number of young

within the nest cavity (NONST) was determined at hatching and checked
periodically.

The age of nestlings (DAYHAT), where date of hatching

was not known, was estimated from their stage of development.

The

outside air temperature (AMBTMP), wind speed (WNDSPD) and direction
(WNDDIR) at the entrance to each nest and barometric pressure (BP) were
recorded at the same time gas and temperature measurements were made.
Dimensions of each nest cavity, including volume (VOL), cavity depth
(NSTDPH), height (VRTOPN) and width (HOROPN) of the entrance, and wall
thickness (WALTHK) were measured after the young fledged (Appendix II).
MEASUREMENTS
Air temperatures were measured with thermistor probes, connected
to a telethermometer (Yellow Springs Instruments, model 44TD), and
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calibrated against a National Bureau of Standards certified
thermometer.

The systematic error of reported temperatures did not

exceed 0.01 C, while the imprecision was + 0.01 C.

Systematic error

and imprecision are used here as recommended by Eisenhart (1968).
Gas samples were withdrawn from the nest cavities through the gas
sample tubes.

A volume of approximately 10 cc was withdrawn from the

nest and expelled to the atmosphere prior to collecting the sample to
be analyzed.

The expelled volume was at least five times the volume of

the sample tubing, but less than 0.5% of the measured cavity volumes.
Samples to be analyzed were drawn into See greased glass syringes and
analyzed either immediately or within one hour.

Prior experiments with

gas samples of known concentrations of Og and COg indicated that
equilibration of the sample within the glass syringe with the
atmosphere was minimal; changes in 0^ and COg concentrations after one
hour were within the imprecision of the measuring technique.

Carbon

dioxide and Og concentrations in the cavity gas samples were determined
with a O.Scc Scholander micro-gas analyzer (Scholander 1947).

The

systematic error of reported gas concentrations was assumed to be
negligible.

The imprecision of these values was +0.02 volume % (+

0.13 mm Hg).
Tree height (TRHGT) and height of the nest-cavity opening above
ground level (NSTHGT) were measured directly or estimated with a
Warren-Knight Abney Level marked in percent.

The systematic error of

reported heights of trees and nest-cavity openings above ground level
was assumed to be negligible.

The imprecision of these measurements

was + 4% of the reported heights.

Wind speed was measured with a
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Taylor anemometer.

The systematic error of reported wind speeds was

assumed to be negligible and their imprecision was + 1% of the reported
value.

Volume of nest cavities was determined after the breeding

season by inserting a plastic bag into the cavity and filling it with a
measured quantity of water.
STATISTICAL METHODS
Appropriate ^-tests were used to compare the mean gas
concentrations and temperatures within the nest cavities with those
outside.

Periodic data were analyzed with stepwise multiple regression

analyses of the dependent variables on the sine and cosine functions of
the time-of-day (Batschelet 1965),

In these analyses, gas

concentrations were included as partial pressures, in units of mm Hg,
to avoid problems resulting from the non-normality of the data
expressed in volume percent.

Multiple regression analyses and their

resulting partial correlations were used to examine the relationships
between the gas concentrations within nest cavities and both the
recorded meteorological conditions and cavity dimensions.

All

statistical tests were performed utilizing the Statistical Package for
the Social Sciences (SPSSX) on a DEC-2065 computer at the University of
Montana.
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RESULTS
The mean (+SE) of all measurements of CO^ and Og concentrations
obtained from within occupied cavity nests of northern flickers was
0.37 + 0,02% (2.5 + 0.1 mm Hg) and 20.42 + 0.03% (138.3 + 0.2 mm Hg),
respectively (table 1),

These mean values are not statistically

different (P>0.05) from those in atmospheric air (20.95% O

2

and 0,03%

CO^). The maximal CO^ level recorded was 2.56% (17.3 mm Hg), while the
minimal O

2

level was 18.04% (122.1 mm Hg).

These extreme values are

significantly different from the levels normally found in air (P<0.05).
The mean cavity air temperature was 21.2 C, ranging from 10.2 to
33.8 C (table 1), and was significantly different (P «

0.01) from the

mean outside air temperature (13.4 C).
DIEL VARIATION IN GASEOUS AND THERMAL CONDITIONS
Mean CO

2

and O

2

levels within flicker nest cavities varied during

a given 24 hour period (fig. 1).

During most of a 24 hour period,

cavity gas concentrations remained close to those of the free
atmosphere.

However, between 2200 and 2400, CO

2

the cavities typically rose and O
The cyclic variations in mean CO

2

regression of CO

2

where PCO

2

2

concentration within

concentration appeared to decline.
levels can be best explained by the

level on the cosine function of time-of-day (TOD),

= 0.78cos(T0D) + 2.18.

Analysis of the variance explained

by this regression yielded an F[1,128] value of 16.0 which is highly
significant (P<0.001).

Variations in CO

2

levels in an unoccupied nest

cavity also can be explained by regression of PCO

2

function of time-of-day (F[l,21]“25.0, P<0.001).

on the cosine
The proportion of
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Figure 1. Diel cycle in mean gas concentrations within occupied flicker
cavity nests.

Stippled area represents +1 SE.

Open

triangles represent partial pressures in one unoccupied
cavity.
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variation in CO^ concentration within occupied nests explained by
2
variation in the cosine function of time-of-day (r ) is 54%. Similar
analyses of the CO^ measurements obtained during all but two of the
individual 24 hour periods also yielded significant F values
(P«0.001).

These analyses indicate that CO

2

cycles daily with a

maximum occuring once during the day at approximately the same time.
Diel variations in mean 0^ concentration cannot be explained by
regression of the Og levels on the cosine and sine functions
(F[2,94]“0.81, P“0.45) of time-of-day, nor by polynomial regression
analysis.

The regression of Og measurements obtained during only one

individual 24 h period on the sine function of time-of-day yielded a
significant F value (F[l,7]=7.5, P“0.03),
O

2

Therefore, fluctuations in

concentrations within nest cavities appear to be random.
Mean air temperatures outside nest cavities show a pronounced

cycle over a 24 hour period (fig. 2).

The range in air temperatures

outside nest cavities recorded during this study was 2.0 C to 25.8 C.
The multiple regression equation describing the variation in mean
outside air temperature (AMBTMP) as a function of the sine and cosine
of time-of-day is as follows; AMBTMP “ -5.42sin(TOD) - 0.8icos(T0D) +
13.82.

The variation explained by this regression is statistically

significant (P[2,168]“115.3, P<0.001).

The amount of variation in

AMBTMP explained by variation in the sine and cosine of time-of-day
2
(R ) is 58%.

Regression analyses of AMBTMP recorded during each 24

hour period also yielded statistically significant F-values (P<0.0001).
Moreover, the coefficients of determination of these relationships
(0.74 <= R

2

<“ 0.96) were greater than that of the multiple regression
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Figure 2.

Diel cycle in mean temperatures within and outside occupied
and an unoccupied flicker cavity nest.
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analysis using pooled data, suggesting that cycles in outside air
temperature during individual 24 hour sampling periods were somewhat
out of phase with each other.
Air temperatures within occupied nest cavities (INTTMP) were
relatively stable, varying less than 5 C from the mean of 20.4 C (fig.
2).

While the multiple regression of internal air temperature on the

sine and cosine functions of time-of-day [INTTMP “ -1.33sin(T0D) +
1.22cos(TOD) + 20.33] explained a significant amount of the variation
in INTTMP (P[2,1681- 6.12, P-0.003), only 6.7% of the variation In
INTTMP was explained by these trigonometric functions of the time-ofday.

Regression analyses of INTTMP recorded during each 24 hour period

also yielded significant F values (P<0.01) and coefficients of
2
determination (0.33 <*■ R <* 0.90) that were considerably greater than
that of the multiple regression analysis using the pooled INTTMP data.
Again, cycles in INTTMP during individual 24 hour periods appeared to
be out of phase with each other.

The period of the cycles in mean

internal and outside air temperatures was the same (approximately 23.8
hours), but the mean maximal and minimal air temperatures within the
nest cavities lagged the mean maximal and minimal outside air
temperatures by approximately 3.4 hours.
Air temperatures within the unoccupied nest cavity varied
considerably during the 24 hour measurement period (fig. 2) but are
well described by the multiple regression of INTTMP on the sine and
cosine functions of time-of-day (F[2,20]=*14.8, P<0.0001).

Air

temperatures obtained simultaneously outside the unoccupied nest cavity
also varied widely and can be explained by a multiple regression
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analysis similar to that describing INTTMP (F[2,201“30.1, P<0.0001).
These functions describing the relationships of INTTMP and AMBTMP to
time-of-day (INTTMP * -2.34sln[TOD] - 2.20cos[T0D] + 14.55 and AMBTMP =
-3.97sln[TOD] - 2.95cos[T0D] + 13.68, respectively) have identical
periods (23.8 hours) and are In phase.
The air temperature within occupied nest cavities was almost
always greater than that outside.

The mean difference between internal

and outside air temperature was 7.1 C and ranged from -4.2 C to 21.9 C.
VARIATION IN GASEOUS AND THERMAL CONDITIONS DURING THE
NESTLING PERIOD
Gas concentrations measured at either 0600 or 2300 h within the
cavity nests of flickers did not vary during the nestling period (table
2).

There was also no consistent trend among the relationships between

gas concentrations and number of days after hatching In Individual nest
cavities.
In all nest cavities, except one, air temperature measured at
either 0600 or 2300 h declined during the nestling period.
relationships also hold for the pooled data (table 2),

These

The slopes of

these significant regressions (-0.196 and -0.298) are both
statistically different from zero (P<0.05).

However, the difference

between air temperatures inside and outside the nest cavities did not
change significantly as development of the young proceeded (table 2).
The slopes of the regression lines describing these thermal differences
at 0600 and 2300 h and days-after-hatchlng are not significantly
different from zero (P>0.05).
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TABLE 2
RELATIONSHIPS BETWEEN GAS CONCENTRATIONS AND
TEMPERATURES MEASURED AT EITHER 0600 OR 2300 HOURS
IN OCCUPIED CAVITY NESTS AND NUMBER OF DAYS AFTER HATCHING
a

b

3.02
2.65

-0.041
0.067

0.88
0.50

1,50
1,18

0.35
0.49

0.02
0.03

0600
2300

137.73
140.94

0.088
-0.158

3.35
3.48

1,49
1,15

0.07
0.08

0.06
0.19

0600
2300

23.01
29.10

-0.196
-0.298

6.26
4.62

1,51
1,18

0.02
0.05

0.11
0.20

0600
2300

10.29
7.15

-0.054
-0.037

0.58
0.07

1,51
1,18

0.45
0.80

0.01
0.00

CARBON DIOXIDE
0600*
2300

F

df

P

OXYGEN

INTTMP

TMPDIF

NOTE. —

The form of the regression equation is Y = a + bX, where Y =

the partial pressure of a gas species or temperature and X = the number
of days after hatching.
*Time of day (MDT)
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EFFECTS OF NEST DIMENSIONS AND SELECTED ENVIRONMENTAL
FACTORS ON GASEOUS CONDITIONS WITHIN NEST CAVITIES
There were few significant correlations between any measured
parameter and the gas concentrations within nest cavities (table 3).
Oxygen level measured at 0600 h were negatively correlated with nest
direction (NSTDIR) and positively correlated with nest-cavity volume
(VOLUME) and barometric pressure (BP),

PO^ measured at 2300 h was

significantly and negatively correlated with days-after-hatching
(DAYHAT),

There were significant positive partial correlations of COg

levels within nest cavities measured at 0600 h and nest height (NSTHGT)
and wind direction (WNDDIR) and a significant negative correlation with
nest-cavity volume (VOLUME).
The COg levels measured at 2300 h are significantly and negatively
correlated with nest-cavity volume and nest depth (NSTDPH).

The

multiple regression equation describing the relationship between CO

2

levels within nest cavities measured at 0600 h and the significant
independent variables indicated in table 3 (PCO

“ 0.0004 NSTHGT -

2

0.0008 VOLUME + 0.0051 WNDDIR + 3.63) is statistically significant
(F[3,14]=5.47, P=0.01).

None of the realtlonships between COg levels

measured at 2300 h and any combination of the independent variables was
statistically significant (P > 0.05).

Both multiple regression

equations describing the relationships between O

2

levels measured at

0600 and 2300 h (POg = 0.0006 VOLUME - 0.01 NSTDIR + 0.43 BP - 150.29
and POg * -0.201 DAYHAT + 142.33, respectively) and the significant
independent variables noted In table 3 are statistically significant
(F[3,13]»16.65,

P-O.OOOl

and F[l,9]»5.87, P=0.04, respectively).
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TABLE 3
PARTIAL CORRELATION COEFFICIENTS OF THE RELATIONSHIPS
BETWEEN Og AND CO^ CONCENTRATIONS WITHIN
NORTHERN FLICKER CAVITY NESTS AND NEST DIMENSIONS
AND SELECTED ENVIRONMENTAL FACTORS
0600
INDEPENDENT
VARIABLE
TYPE
BP
WNDDIR
WNDSPD
DAYHAT
NONST
TRHGT
NSTHGT
NSTDIR
CIRCUM
VOLUME
WALTHK
NSTDPH
VRTOPN
HOROPN
THROAT
BRKTHK
AREA
NOTE. —
II.

2300

PO,

PCD,

-0.40898
0.72032
0.00779
0.40135
-0.08712
0.23604
0.22894
0.37078
-0.68911*
-0.14879
0.51182*
-0.39973
0.40780
-0.40408
0.38761
-0.40906
-0.37491
0.38587

0.31160
-0.05590.
0.51940*
-0.22465
0.17681
0.02578
-0.00536
0.62227*
0.30936
0.18340
-0.69374*
0.32484
-0.31768
0.27181
-0.21295
0.30694
0.31234
-0.20784

PO,
Ù

-0.02422
0.38699
-0.08410
-0.12313
0.08281*
0.23102
-0.07256
0.57745
0.44869
-0.33156
0.21322
-0.35821
0.40349
-0.04866
0.12171
-0.03245
-0.29912
0.10844

PCD,
z
-0.02757*)
-0.01814
-0.11261
0.10430
0.19924
0.14962
-0.21931
-0.34484
-0.10580
0.36484
-0.54964*
0.12249
-0.60968*
0.29098
0.13276
0.07275
0.06530
0.28766

An annotated list of Independent variables appears as Appendix

Coefficients are from partial correlations with the dependent

variable controlling for the Independent variables in the significant
multiple regression equations (see text).
^ Denotes significance at the 5% probability level.
^ In the absence of a significant multiple regression equation, the
coefficients in this column are zero-order.
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variation in POg and PCOg measured at 0600 h explained by the variation
in the significant independent variables was 79% and 54%, respectively,
while that in POg measured at 2300 h was 37%.
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DISCUSSION
By Isolating themselves from the free atmosphere and thereby
providing a safe and more moderate thermal environment In which to rear
young, the occupants of nest-cavltles are exposed to an altered gaseous
environment (table 1).

While the most extreme CO^ (2,6%) and Og

(18.0%) levels measured in flicker nest cavities were statistically
different from those in the free atmosphere, the mean concentrations of
these gases (0.4% and 20.4%, respectively) were not statistically
distiguishable from free atmospheric values.

The mean CO^ and Og

concentrations in nest cavities, as well as the extreme concentrations
of these gases, were also not as great as those that have been reported
to exist in burrows occupied by other birds (Birchard et al. 1984).
Furilla (1980), Wickler and Marsh (1981), and Birchard et al. (1984)
reported mean COg and Og concentrations of 3 to 4% and 16 to 18%,
respectively, maximal CO

2

levels of 7.9% and minimal levels of Og of

12.1% in burrows occupied by nestling bank swallows (Riparia riparia).
The moderate levels of respiratory gases within nest-cavities occupied
by flickers, in comparison to those in some other shelters, especially
considering the mass of birds within the nest cavities, suggest that a
rather substantial transfer of gases occurs between these nest cavities
and the free atmosphere.

Interestingly, the mean CO^ concentration

(0.8%) within cavity nests occupied by pygmy nuthatches, is also much
less extreme than that in burrow gas environments (Hay 1983).
The COg concentrations within nest cavities of the northern
flicker were found to cycle over a 24 hour period.

Maximal COg

concentrations within these cavities were recorded at approximately
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2300 h each night during the breeding season.

The diel cycle in COg

levels within nest cavities appears to result from several interrelated
events.

Peak COg concentrations in occupied nest cavities occured soon

after adults ceased foraging and one adult entered the nest with the
young.

The adult's gas exchange plus that of the young, in addition to

the increase in intra-nest activity resulting from the presence of the
adult, both probably contribute to the observed rise in CO

2

within the cavity.

levels

These increases in metabolic activity within the

nest cavity coincided with that portion of the diel cycle where the
difference between the temperature of the air inside and outside the
nest cavity was diminished (fig. 2).

Bulk flow of air into and out of

the nest cavity might therefore also have been minimal during this
period (see below).

Carbon dioxide from sources other than the

flickers seems not to be responsible for, nor does it appear to
contribute to, the diel cycle observed in occupied nests.

The diel

cycle in COg concentrations In the unoccupied nest was out of phase
with those in occupied nests by approximately 6 h.

Therefore, COg

levels in the unoccupied nest were maximal during the warmer portions
of the day when COg levels in occupied nests were minimal (fig. 1).
The decline in COg levels that occured between 2400 and 0400 h, in
spite of the increased metabolic activity in the nest cavities,
coincided with an increasing thermal difference between inside and
outside air and therefore a potentially increasing air flux between the
cavity and the free atmosphere.
There was no significant diel variation in 0^ concentrations

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

26
within nest cavities although there was a trend for Og levels to be
minimal between 2200 and 2400 h (fig. 1).

There seems to be no logical

explanation for the increased variance in the Og concentrations in nest
cavities.
Throughout the nestling period, the young within the cavity
continue to grow obtaining a mean mass equal to or greater than that of
the adults.

Since the mean number of young per cavity observed in this

study was four, a number that agrees with that reported by Bent (1964),
the total metabolic mass within the cavity becomes quite large.

Such

an elevated mass should result in an increase in the quantity of
respiratory gases consumed and produced by the birds.

If the exchange

of gases between the nest cavity and the free atmosphere were to remain
constant, an increase in metabolic mass would also result in more
extreme levels of these gases within the nest cavities.

Such a

relationship between increased metabolic mass and concentrations of
respiratory gases within the shelter has been documented in bank
swallows, where CO^ concentrations in burrows Increase in

direct

proportion to the metabolic mass of the young (Wickler and Marsh 1981j
Birchard et al. 1984).

It is evident from the results of this study,

however, that the levels of gases within flicker cavity nests did not
change significantly during the nestling period when young were
growing.

Again, since the gas concentrations in flicker nest cavities

were not as extreme as might be expected from the increase in mass of
developing young, there is presumably a substantial flux of gases into
and out of the nest cavities which would tend to moderate the levels of
Og and COg.
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There are a number of other biotic and abiotic factors that may
also influence the levels of respiratory gases within nest cavities.
For example, Hay (1983) noted that average wind velocity, number of
birds within the nest cavity, the time of night, the depth of the nest
and the difference between inside and outside air temperatures were all
significant predictors of COg concentrations within winter roosts of
the pygmy nuthatch.

In this study, I found that few of these factors

consistently explained much of the variance in gas levels within the
nest cavities of flickers.

Of those factors includend in this study,

nest-cavity volume was the most important predictor of gaseous
conditions in flicker nest cavities.

In larger cavities, CO^ and 0^

concentrations were closer to free atmospheric values.
Diffusion and bulk flow are the most likely mechanisms of exchange
regulating the gaseous environment within cavity nests.
accumulation of CO

To prevent an

and a depletion of Og in the air within cavity

2

nests, gases within the nest must be exchanged with the outside air at
a rate at least equal to the rate at which the occupants are consuming
Og and producing COg.

Since diffusion is a slow, distance-limited

process it seems unlikely that diffusion could account for the moderate
levels of CO

2

and O

2

measured; rather it would seem that bulk flow

might be the more important avenue of exchange.
the relationship between increment in CO

2

in O

2

The slope (0.57) of

concentration and decrement

levels within flicker nest cavities lends support to this

conclusion.

While significantly less than 0.8 (P<0.05), it is

nonetheless, sufficiently close to 0.8 (the respiratory exchange ratio
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of the occupants) to suggest that bulk flow Is the important mechanism
of gas transfer between the cavity nests of flickers and the free
atmosphere (Birchard et al. 1984).
Many organisms take advantage of design features of shelters to
elicit a bulk flow of gas through the shelter (Vogel, Ellington, and
Kilgore 1973).

Such a bulk flow of gas can be created by locating

nests and openings to take advantage of solar heating (Conner 1975;
Inouye 1976; McClelland 1977; Inouye, Huntly, and Inouye 1981) and
through heat produced by occupants resulting in a thermal difference
between the shelter and the outside air.

White et al. (1984) noted

that there Is a marked thermal gradient from the top to the bottom of
the funk hole in semi-sealed cavities of the hornbill.

This

temperature difference suggests that there is a thermally-induced bulk
movement of air into and out of the nest cavity; cool outside air
enters the nest at the bottom of the funk hole while warmer air leaves
through the upper portion of the entrance.

Exchange by this means is

generally rapid, and as such, may prevent the buildup of CO

2

depletion of Og from the cavity atmosphere.

and

A thermal difference

between the warmed cavity interior and the cooler outside air has also
been shown to be significant determinant of CO

2

cavity roosts of pygmy nuthatches (Hay 1983).

levels in the winter
The positive temperature

difference between the air Inside the nest cavities and the outside air
may also be responsible for moderating the gas concentrations within
flicker nest cavities.
For altrlclal birds such as northern flickers, a stable warm nest
environment provides for the proper development of young when the
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parents are not brooding them, and reduces the amount of energy
required by the young to maintain a stable body temperature (Kendeigh
1961; Collias 1964; Ricklefs and Hainsworth 1969; Skowron and Kern
1980; Mayer, Lustick, and Battersby 1982).

Elevated nest temperatures

may result from nest placement, wherein the nest interior is warmed by
solar radiation, or retention of the metabolic heat produced by the
nest occupants.

The heating of the cavity interior, as noted above,

may also Induce or "drive" the convective exchange of metabolic gases
between the cavity and the free atmosphere.
Results of this study indicate that cavity interiors are nearly
always warmer (by a mean of 7.1 C) than the outside environmental
temperature.

Positive thermal differences of 10 C or more have also

been reported in other studies of cavity-nesting birds (Moore 1945;
Kendeigh 1961; Havera 1979; Hay 1983).

Temperatures of the air inside

cavity nests were maximal between approximately 1700 and 0200 h and
declined somewhat to a low during midday (fig. 2).

Air temperatures

outside nest cavities included in this study were maximal between 1500
and 2000 h and minimal near 0500 hours (fig. 2),

This phase shift

between interior and exterior air temperatures contrasts with that in
nest cavities within Saguaro cacti, Carnegiea glgantea (Soule 1964;
Krizman 1964).

In cactus nests, the thermal lag between peak interior

and exterior air temperature was almost 6 to 8 h as opposed to the 3 to
4 h noted in this study.

This is primarily explained by the larger

heat capacity of the living cactus due to the large amount of water
contained within its tissues.

While the sun warms the desert air, the
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cooler cactus tissue maintains nest temperatures below that of the
outside air.

Conversely, during the cool desert nights, the cactus

tissues, heated by insolation and conduction during the day warms the
nest Interior.

The fact that air temperature within flicker nest

cavities are more nearly In phase with outside air temperature probably
reflects the fact that at northern latitudes, and at the elevations of
this study. Insolation is less than It is at more southern latitudes,
and consequently, fluctuations In air temperatures are diminished.
Also, the heat capacity and Insulatlve nature of the walls of flicker
nest cavities are probably less than that of the living tissues of the
saguaro cactus.

Interestingly, this thermal and phase difference

between the interior and exterior of the nest existed even though
portions of the walls of some of these nests were only 5mm thick.
In summary, I have documented that the gaseous conditions within
cavity nests of the northern flicker are less extreme than those that
exist within many shelters occupied by birds, that there is a diel
cycle in the levels of respiratory gases in nest cavities which seems
to result from parental brooding and other Intra-nest activity, and
that gaseous conditions within the nest cavities remain essentially
unchanged throughout the nestling period.

The most likely factor

responsible for the moderation of gaseous conditions within the nest
cavities is the thermal difference between the nest interior and
outside air, which would "drive" a flux of air between cavity and the
free atmosphere.
The relatively high, stable air temperature within nest cavities
of the northern flicker is similar to that reported in nest cavities
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occupied by other species and may reduce energy requirements of
developing young.
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CHAPTER II
CONVECTIVE AND DIFFUSIVE GAS EXCHANGE BETWEEN CAVITY NESTS
OF THE NORTHERN FLICKER (COLAPTES AURATUS) AND THE
FREE ATMOSPHERE

INTRODUCTION
Gas exchange may be an important constraint on organisms that
occupy shelters isolated from the free atmosphere.

If the transfers of

respiratory gases between an animal within a shelter and the free
atmosphere are insufficient, Og will be depleted from, and COg will
accumulate within the shelter microenvironment.
the burrows of many fossorial rodents.

Such is the case in

The levels of O

2

and COg within

mammal burrows range from 6 to 20% and from 1 to 9.5%, respectively
(Tenney and Boggs 1985).

Many birds also burrow and, depending upon

the substrate within which the burrows are excavated, gas
concentrations within these shelters can also be extreme (Birchard,
Kilgore and Boggs 1984).

For example, Og concentrations in the burrows

occupied by bank swallows may be as low as 12.1%, while COg levels may
reach 7.9% (Furilla 1980).
Gaseous conditions within tree nest cavities occupied by birds
are, however, more moderate than those existing in most burrows
(Chapter 1; Hay 1983; White et al. 1984) despite the low gas
permeability of wood (Banks 1968; Smith and Banks 1971).
and CO

2

levels in

The mean 0^

cavity nests of the northern flicker, for example,

are 20.4 and 0.37%, respectively (Chapter 1).

The moderate levels of

respiratory gases in these shelters suggest that there is a substantial
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air flux between the nest cavity and the free atmosphere.

Diffusion

through the open entrance and walls may contribute toward this transfer
of gases, but bulk flow (convection), induced by the difference between
the temperature of the air inside and outside the cavity, is probably
more important (chapter 1).

The temperature of the air within cavity

nests of northern flickers is nearly always above (by a mean of 7.1 C)
that of the outside air.

A similar relationship between a thermal

difference and air movement has also been noted in the winter roosts of
pygmy nuthatches (Hay 1983), the semi-sealed nest cavities of the
hornbill (White et al. 1984) and also in the subnivean burrows of
willow grouse (Korhonen 1980).
The purpose of the present study was to determine if a temperature
difference between the atmospheres within and outside flicker nest
cavities increases gas flux into and out of these cavities.

Gas flux

was indirectly measured (by the decrement in CO^ and Increment in Og)
in actual nest cavities with entrances open or sealed and when air
temperatures within the cavities were equal to or above outside air
temperature.
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METHODS AND MATERIALS
Four small (1-2 M) sections of the cottonwood tree (Populus
trichocarpa) containing cavity nests of the northern flicker were
transported to the laboratory.

All four nest cavities had been

occupied earlier in the breeding season or during the previous season.
In the laboratory, a thermistor probe (Yellow Springs Instruments,
model 401) and gas inlet and outlet sample tubes (2 mm ID, 3 mm CD, 0.5
m long) were Inserted into each nest cavity through small holes drilled
through the wall of the cavity approximately 5 cm above the base of the
nest cavity (fig. 3).
cavity.

Probes and tubing protruded 5 cm into the

All spaces around the thermistor probe and gas sample tubes

were sealed with silicon caulk.
Air from the nest cavity interior was withdrawn through the outlet
sample tube, passed through the sensors of a CO^ analyzer (Applied
Electrochemistry, model CD-3A), an 0^ analyzer (Applied
Electrochemistry, model 02-A) and then returned to the nest cavity via
the inlet sample tube (fig. 3).

The rate at which air was withdrawn

(80 cc/min), was sufficient to permit rapid response of the analyzers,
but had a minimal stirring effect on the air within the cavity.
Preliminary experiments indicated that flow rates up to 200cc/min had
no effect on the rate of gas transfer between the cavity interior and
the free atmosphere.
mixtures.

Both gas analyzers were calibrated with gas

The concentrations of O

2

and COg in these mixtures and that

used to flush the cavities were checked with a Scholander 0.5cc gas
analyzer (Scholander 1947).

Imprecision of the gas concentration
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Schematic représentation of the experimental arrangement.
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measurements was +0,02 volume percent and systematic error of these
measurements was assumed to be negligible.

Systematic error and

imprecision are used here as recommended by Eisenhart (1968).
Temperature of the air inside and outside the cavity nests was measured
with thermistor probes connected to a telethermometer (Yellow Springs
Instruments, model 44TD),

Each thermistor probe was calibrated against

a National Bureau of Standards certified thermometer.

The systematic

error of reported temperatures did not exceed O.Ol C, while the
imprecision was +0.01 C.
The protocol used during these experiments was as follows:

nest

cavities were flushed with a gas mixture containing 12% Og and 5% CO^
(balance N^).

The temperature of the entering gas could be adjusted by

a heating element consisting of a glass-enclosed coil of nichrome wire
(fig. 3).

When the gas concentrations within the cavity were identical

to those in the gas mixture the gas flow into the cavity was shut off
and changes in gas levels were continuously recorded.

Increases in Og

and decreases in COg levels within each of the nest cavities were then
recorded with the entrance to the nest open or sealed and with the
temperature of the air within the nest cavity maintained equal to, 5,
10, or 15 C above the outside air temperature.

This range in

temperature differences was chosen because it is similar to the range
of thermal differences noted in actual nests (chapter 1).

The

experimental protocol was repeated twice at each of these eight
conditions.

Nest entrances were sealed with a 2 mil thick layer of

SARAN*^ securely glued at the edges.

SARAN*^ has a permeability to O

2

and

COg that is exceedingly low (0.8 to 1.1 and 3.8 to 6.0 cc*IOO in ^*2^
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^, respectively).
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RESULTS

The exchange of oxygen and carbon dioxide between the nest cavity
and free atmosphere Is affected by the magnitude of the temperature
difference between Inside and outside air and whether or not the
entrance to the cavity Is open or sealed (figs. 4 - 7 ) ,

When the

temperature of the air Inside the cavity was equal to outside air
temperature. It took over two hours for 0^ and CO^ levels In the nest
cavity to return to within 0,01% of free atmospheric values, even with
the entrance to the nest open.

Heating the air within both open and

sealed cavities resulted In a decrease In the time needed for gas
concentrations to reach ambient atmospheric levels.

However, the rate

of exchange of gases was most affected by the thermal differences In
cavities with an open entrance.

The mean time required for 0^ and COg

levels In cavities with open entrances to approach atmospheric levels
when there was a 5, 10, or 15 C difference between the temperature of
the air Inside and outside the cavity was 5, 3, and 2 minutes,
respectively; comparable values for nest cavities with sealed entrances
were 65, 50, and 47 minutes.
Least-squares regressions through the origin of the natural log of
the difference between the 0^ and COg gas levels (In mm Hg) within and
outside each nest versus the natural log of time at each temperature
difference and with the nest entrance open or sealed were all highly
significant (P < 0,0001).

The slopes of these regressions, which are

indicators of 0^ Influx and CO^ efflux, were then analyzed with a fixed
factor (open vs. sealed entrance and temperature difference) factorial
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analysis of variance (table 4).

These analyses of variance indicate

that the effects of the magnitude of the thermal difference and the
open vs. sealed nature of the nest entrance on the increment in 0^ and
decrement in COg in nest cavities are statistically significant. The
non-significant interaction terms in both ANOVA’s further suggest that
the effects of temperature difference on gas transfers in both open and
sealed nests is the same, although the rate of transfers of 0^ and COg
in sealed nests are significantly less than those in open nests (figs.
8 and 9).
Subsequent a posteriori analyses (least significant difference) of
the effects of temperature difference on rates of Og and COj transfer
in open nest cavities indicate that gas transfers when the interior air
temperature is 5, 10, or 15 C above the outside air temperature are not
statistically different from each other (P > 0.05), but are all
different from that when the inside and outside air temperatures are
equal.

In nest cavities with sealed entrances there is no statistical

difference (P > 0.05) between gas transfers at any thermal difference
(0, 5, 10, or 15 C).
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Figure 4. Mean time-dependent changes in CO2 levels within cavity nests
with open entrances.
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Figure 5.

Mean time-dependent changes in Og levels within cavity
nests with open entrances.
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Figure 6.

Mean time-dependent changes in CO 2 levels within
cavity nests with sealed entrances.
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Figure 7.

Mean time-dependent changes in Og levels within cavity
nests with sealed entrances.
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TABLE 4
ANALYSES OF VARIANCE IN THE RATES OF 0^ AND CO. EXCHANGE

OXYGEN

SOURCE OF VARIATION

DF

MEAN
SQUARE

CARBON
DIOXIDE

F

MEAN
SQUARE

F

TMPDIF

3

0.092

a
5.390

0.068

5.021*

ENTRANCE

1

0.474

27.797*

0.317

23.545*

TMPDIF-ENTRANCE
INTERACTION

3

0.011

0.670

0.019

1.377

EXPLAINED

7

0.112

6.568

0.082

6.106*

RESIDUAL

56

0,017

0.013

TOTAL

63

0.028

0.021

Denotes significance of F less than 0.005.
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Figure 8.

Comparison of the mean CO^ flux from open and
sealed cavity nests when the temperature of the air within
the cavity nests was equal to, 5, 10, or 15 C above outside
air temperature.

Measures of flux were obtained from the

slopes of the regressions of the natural log of the
decrement in COg within nest cavities on the natural log of
time.
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Figure 9.

Comparison of the mean O

2

flux into open and sealed

cavity nests when the temperature of the air within the
cavity nests was equal to, 5, 10, or 15 C above outside air
temperature.

Measures of flux were obtained from the

slopes of the regressions of the natural log of the
Increment in O

2

within nest cavities on the natural log of

time.
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DISCUSSION
This study clearly reveals that the flux of gases into and out of
flicker nest cavities with open entrances increases significantly when
the cavity interior is heated above the temperature of the outside air.
The greatest increase in the flux of gases occurs when the nest
interior is warmed 5 0 above the surrounding air temperature.
Interestingly, this 5 C thermal gradient, which doubles the gas flux,
approximates the mean difference (7.1 C) between inside and outside air
temperature actually measured in occupied cavity nests of the northern
flicker (chapter 1).

Temperature differences above 5 C did not further

influence the transfer of 0^ or COg between the cavity Interior and the
free atmosphere.

This attenuation of the effect of temperature

difference on gas exchange (figs. 8 and 9) probably results from the
resistance offered by the fixed cross-sectional area of the nest
opening.

The cross-sectional area of the nest opening in cavity nests

of birds may also determine the magnitude of gas flux between the
cavity interior and the free atmosphere.

Many cavity nesting birds

construct or occupy nest cavities in the summer with larger diameter
entrances than those excavated or selected in winter (Hay 1983j Hay and
Guntert 1983; Peterson and Grubb 1983).

The larger diameter entrances

offer less resistance to air movement at a time when the difference
between nest interior and outside air temperatures is reduced (relative
to that during winter).

In winter roosts where the thermal difference

is potentially greater than that during summer, the higher resistance
offered by a smaller diameter entrance presumably maintains the air
flux near that of summer rates (Hay 1983).

These adjustments in air
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movements Into and out of cavity nests, In addition to moderating
gaseous conditions, also are important in regulating the thermal
conditions within the cavity.
The moderate gas fluxes in and out of sealed cavities and those
with open entrances but under isothermal conditions, suggest that
diffusion of gases, through the walls and across the entrance, is also
important in the overall exchange of gases between the cavity interior
and the free atmosphere.

However, the non-significant Increases in gas

flux that occur concomitantly with elevated air temperatures in nest
cavities with sealed entrances are probably due to convective mass
transfers through ancillary channels.

The northern flicker cavity

nests included in this study were all excavated in wood in various
stages of decay and were not air tight.

The effects of elevated air

temperature within the cavity on the diffusivlty of oxygen and carbon
dioxide probably are not important here.
Even though the nest entrance offers little resistance to the
diffusion of gases, compared to wood, its small cross-sectional area
relative to the total surface area of the nest cavity walls, probably
accounts for the insignificant effect of an open entrance on gas fluxes
when the temperature of the air inside cavities was the same as that
outside (figs. 8 and 9).

Openings of burrows have also been shown to

have a negligible effect on their respiratory microenvironments (Wilson
and Kilgore 1978).
The thermally-induced convective mass transport between flicker
nest cavities and the free atmosphere demonstrated herein, offers a
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logical explanation for the moderate gas levels In nest cavities
occupied by these birds.

The positive thermal gradient between the

interior of flicker nest cavities, resulting from the endogenous heat
produced by the occupants and heat retained by the wood in which the
cavity Is excavated, should significantly Increase gas flux between the
cavity and the free atmosphere.

This thermally-induced convective

exchange should prevent the depletion of Og and accumulation of COg In
the cavity.

Since air temperatures elevated above those outside have

been reported in cavity nests occupied by other species of birds (see
for example Moore 1945; Kendelgh 1961; Havera 1979; Mayer, Lustlck, and
Battershy 1982; Hay 1983; White et al. 1984) it Is reasonable to assume
that a thermally-induced bulk flow of gases may generally be an
Important means of gas exchange between occupants within this type of
shelter and the free atmosphere.

Convective mass transfers have also

been shown to be important In augmenting gas renewal In soil tunnels
occupied by bee-eaters (Merops aplaster) (White et al. 1978), In the
passive ventilation of prairie dog burrows (Vogel et al. 1973) and
termite mounds (Weir 1973) and In the passage of water through sponges
(Vogel 1977).
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APPENDIX I
DESCRIPTION AND LOCATION OF STUDY SITES
Nest cavities of the northern flicker (Colaptes auratus) were
studied at two localities in Missoula County, Montana.
Pattee Canyon
Pattee Canyon is a residential and recreational area, 3 km
southeast of Missoula, Montana.
this canyon burned in 1977.

480 ha of the north-facing slopes of

The area was originally forested by

Douglas-fir (Pseudotsuga menziesil), ponderosa pine (Pinus ponderosa),
and western larch (Larix

occidentalis).

A portion of the area was logged after a fire leaving 125
standing trees per hectare.

The remainder of the burned area had a

density of 1043 trees standing per hectare (Harris, 1982).

All nests

located were in the less dense area and were within Douglas-fir.
The Johnson Bell Airport
The Johnson Bell Airport is located 6 km west of Missoula,
Montana.

At this site, flicker nest cavities were in dead and living

cottonwood trees (Populus trichocarpa) within an 18 ha grove lining
Butler creek.
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APPENDIX II
ANNOTATED LIST OF NEST DIMENSIONS AND ENVIRONMENTAL
VARIABLES.
Abbreviation

Independent Variable

BP

Barometric

WNDDIR

Wind direction

Wind direction at the height
above ground level of the
cavity entrance.

WNDSPD

Wind speed

Wind speed at the entrance to
the nest cavity.

AMBTMP

Ambient temperature

Air temperature at the height
of the nest cavity entrance.

INTTMP

Internal temperature

Temperature of the air within
the cavity.

DAYHAT

Days after hatching

Number of days after eggs
within a cavity nest hatched.

NONST

Number in the nest

Number of flicker young within
the nest cavity.

TREHGT

Tree height

Height of the tree in which the
nest cavity was excavated,
measured from ground level to
the highest portion of the
tree.

NSTHGT

Nest height

Height of the nest opening
above ground level, measured
from the soil surface directly
below the entrance to the
bottom of the opening.

NSTDIR

Nest direction

Direction of the entrance to
the nest, measured in degrees
from north and adjusted as
circular data.

pressure

Description
Station pressure (in nun Hg)
recorded at the Johnson Bell
Airport by the National Weather
Service. Barometric pressures
were subsequently adjusted to
altitude variations between
study sites.
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CIRCÜM

Circumference

Circumference of the tree at
the midpoint of the nest
entrance.

VOLUME

Volume

Volume of the cavity measured
by water displacement.

WALTHK

Wall thickness

Thickness of the cavity wall
directly below the entrance.

NSTDPH

Nest depth

Distance from bottom of
entrance to the nest materials.

HOROPN
VRTOPN

Opening dimensions

Horizontal and vertical
diameters of the nest entrance.

THROAT

Throat

Distance from entrance to back
wall of the cavity.

BRKIHK

Bark thickness

Thickness of the bark covering
the cavity wall directly below
the entrance.

TMPDIF

Temperature difference

Difference between air
temperatures within and outside
the nest cavity (i.e. INTTMP AMBTMP).
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